Complications of acute respiratory distress syndrome (ARDS) are common among critically ill patients infected with highly pathogenic influenza viruses. Macrophages and neutrophils constitute the majority of cells recruited into infected lungs, and are associated with immunopathology in influenza pneumonia. We examined pathological manifestations in models of macrophage-or neutrophil-depleted mice challenged with sublethal doses of influenza A virus H1N1 strain PR8. Infected mice depleted of macrophages displayed excessive neutrophilic infiltration, alveolar damage, and increased viral load, later progressing into ARDS-like pathological signs with diffuse alveolar damage, pulmonary edema, hemorrhage, and hypoxemia. In contrast, neutrophil-depleted animals showed mild pathology in lungs. The brochoalveolar lavage fluid of infected macrophage-depleted mice exhibited elevated protein content, T1-␣, thrombomodulin, matrix metalloproteinase-9, and myeloperoxidase activities indicating augmented alveolarcapillary damage, compared to neutrophil-depleted animals. We provide evidence for the formation of neutrophil extracellular traps (NETs), entangled with alveoli in areas of tissue injury, suggesting their potential link with lung damage. When co-incubated with infected alveolar epithelial cells in vitro, neutrophils from infected lungs strongly induced NETs generation, and augmented endothelial damage. NETs induction was abrogated by anti-myeloperoxidase antibody and an inhibitor of superoxide dismutase, thus
Histopathological analyses of lungs of patients who succumb to highly pathogenic influenza pneumonia show complications of acute respiratory distress syndrome (ARDS), a severe form of acute lung injury (ALI), with massive pulmonary edema, diffuse alveolar damage (DAD) and respiratory failure. [1] [2] [3] [4] [5] Lower respiratory tract manifestations are observed in patients at the early stages of severe influenza virus infection, with radiographic evidence of diffuse, multifocal, patchy interstitial infiltrates with fulminant progression into ARDS. 1, 4 Likewise, most of the patients who died of severe acute respiratory syndrome (SARS) during the outbreak in 2003 developed ARDS. 6 Clinical and pathological signs of infective ARDS were also corroborated in macaque and other animal models of influenza virus infections. [7] [8] [9] Although ARDS is a prevailing complication in influenzaassociated deaths, the etiology for progression into ARDS is poorly understood.
Excessive recruitment and activation of neutrophils have been implicated in ALI in several disease conditions. 10 -16 The role of neutrophils in influenza virus pathogenesis has been debated. Although reports implicate the possible involvement of neutrophils in ARDS complications in mice challenged with influenza virus, 8, 9 there is a paucity of evidence to reinforce their role. Neutrophil-dominant infiltrations within the affected areas of lungs with complications of DAD, intra-alveolar-associated hemorrhage have been documented in human cases [17] [18] [19] [20] as well as in animal models 8, 9, [21] [22] [23] of severe influenza. Mice lacking interleukin 17 receptor A (IL-17RA), or mice treated with antibody against macrophage inflammatory protein-2 (MIP-2; a potent regulator of neutrophil recruitment) are protected from lethal influenza A/PR/8/34 H1N1 challenge. 24, 25 Congruent with the role of MIP-2 in ALI, increased neutrophil recruitment was observed in mice challenged with reconstituted 1918 H1N1 virus. 21 Mice lacking IL-1 and tumor necrosis factor-␣ (TNF-␣) exhibit delay in onset of death following lethal influenza infection. 26 On the other hand, neutrophils have ameliorative effects, given that neutrophil depletion enhances lethality in influenzainfected mice. 27, 28 Macrophages and neutrophils constitute the majority of infiltrated cells into the lungs in highly pathogenic influenza virus infections. Here, we explored the effects of depleting macrophages or neutrophils on the pathogenesis of influenza pneumonitis.
Neutrophils are terminally differentiated cells with primary roles in innate immunity through phagocytosis of microbial pathogens, production of reactive oxygen intermediates and toxic enzymes such as elastase, or by formation of neutrophil extracellular traps, or NETs. 11,12,29 -31 NETs formation is a new paradigm of cell death mechanisms, such that in response to infection or other stimuli, neutrophils emit their DNA fibers, which carry nuclear and cytoplasmic proteins, including histones, elastase, myeloperoxidase (MPO), pentraxin, matrix metalloproteinase-9 (MMP-9), and bactericidal permeability-increasing protein (BPI). Although NETs aid in trapping bacteria and other pathogens, their prolonged presence may lead to tissue damage. [32] [33] [34] DNA fibers in NETs attach to the capillary endothelium, and are embroiled in vascular damage in sepsis and small vessel vasculitis. 30, 35 Reactive oxygen intermediates, NADPH oxidase, or anti-proteinase 3 (PR-3) are known to mediate NETs induction. 36, 37 Neutrophils activated by IL-8 or phorbol myristate acetate (PMA) also form NETs. 29 Bacteria such as Streptococcus pneumoniae and Staphylococcus aureus survive even in the presence of NETs by producing endonucleases (which digest NETs) or catalase (which metabolizes hydrogen peroxide). 36, 38 NETs formation in viral infections is virtually unknown, except for a recent study that demonstrated modulation of NETs formation in feline leukemia virus infections. 39 Here, we exploited macrophage-or neutrophil-depleted animals to unravel the association of these cells with ALI in influenza pneumonia. Our results show that macrophage-depleted animals suffered complications of ARDS when challenged with sublethal influenza virus infection, in contrast to neutrophil-depleted animals that developed only mild lung injury. For the first time, we demonstrated the induction of NETs during influenza virus infection both in vitro and in vivo. NETs were lodged within the areas of alveolar destruction, thus suggesting their putative role in lung damage. Additional in vitro studies revealed the participation of NETs in endothelial damage, and that the regulation of NETs formation was dependent on activation of redox enzymes.
Materials and Methods

Virus, Animals, and Ethics Approval
Influenza A virus A/Puerto Rico/8/34 H1N1 (PR8) obtained from the American Type Culture Collection (Manassas, VA) was propagated in embryonated eggs at 37°C for 72 hours, and the allantoic fluid was harvested. Virus titers were determined by the plaque assay via infection of Madin-Darby canine kidney (MDCK) cells. Female 4-to 6-week-old BALB/c mice were housed in microisolator cages in an animal BSL-2 laboratory facility. All animal experiments were approved by the Institutional Animal Care and Use Committee, National University of Singapore (protocol number 035/07), and were performed in strict accordance with the recommendations.
Macrophage and Neutrophil Depletion and Infection
Macrophage depletion in lungs was achieved using the liposome-mediated macrophage suicide technique. Liposome-encapsulated dichloromethylene diphosphonate (clodronate-liposome, L-Cl2MDP) is taken up by macrophages by phagocytosis and induces apoptosis. 40 Clodronate was a gift from Roche Diagnostics (Mannheim, Germany), and was encapsulated in liposomes as described earlier. 41 L-Cl2MDP was administered intranasally (50 L per dose per mouse) at days Ϫ4 and Ϫ1 before virus challenge. For depletion of neutrophils, purified rat anti-Ly6G monoclonal antibody 1A8 42 was administered intraperitoneally (at a dose of 200 g per mouse) 1 day before infection and every 48 hours thereafter. Animals were divided into five groups, ie, uninfected allantoic fluidinoculated control (Con), clodronate-liposome-treated (CL), infected (INF), clodronate-liposome-treated and infected (CL-I), and 1A8-treated and infected (1A8-I). Two separate sets of mice (each consisting of five animals) were tested, one set for bronchoalveolar lavage fluid (BALF) and virus titer analyses, and the other for histopathology. The group of animals treated with 1A8 alone did not show any pathological changes in their lungs, and were thus excluded from further study. Within the infected groups, each animal was challenged with a sublethal dose of 100 plaque-forming units (PFU) of PR8 virus through intranasal inoculation. Animals were monitored daily for clinical signs of infection and body weight loss. In separate experiments involving lethal virus challenge, each animal was infected with 500 PFU of virus.
Lung Histopathology and BALF Analysis
The lungs of one group of animals were harvested for BALF and lung homogenate, whereas lungs for histopathology were obtained from a separate group of mice. After BALF collection, the corresponding lungs were not used for any further experiments. For histopathological analyses, lungs were fixed in neutral-buffered formalin and embedded in paraffin. The severity of ALI was evaluated by a semiquantitative histology score in a blinded manner as described previously. 43 Animals were anesthetized with intraperitoneal injections of ketamine (75 mg/kg) and medetomidine (1 mg/kg), and bronchoalveolar lavage was performed immediately after sacrifice as described previously. 43 The left lung was tied with nylon thread, and the right lung was lavaged twice with a total volume of 800 L of sterile phosphate-buffered saline (PBS) inserted through an endotracheal tube. The recovery of BALF was more than 90% for all animals. For differential cell counts, the cells were processed onto microscopic slides using a CytoFuge 2 cytocentrifuge (StatSpin, Westwood, MA), and subjected to modified Giemsa staining. Cells (500 per animal) were counted at a magnification of ϫ400. The supernatants were stored at Ϫ70°C for measurement of protein content and enzyme activities. Virus titers were determined, and BALF protein content was measured by the DC Protein Assay Kit (Bio-Rad, Hercules, CA). To evaluate secondary bacterial infection, 40 L of each BALF sample was plated onto nutrient agar and sheep blood agar, and incubated at 37°C for 3 days.
Measurement of MPO Enzymatic Activity
MPO activity in the BALF and lung homogenate was assayed as described previously. 43 The MPO activity was calculated using the formula: units/milliliter ϭ ⌬OD/ minute ϫ 45.1, expressed as U/mg protein, where ⌬OD is the change in optical density of the sample. One unit of the enzyme is defined as the amount that consumes 1 mol of H 2 O 2 per minute.
Western Blot Analysis
Western blot analyses were performed as described previously. 43 Briefly, equal volumes of BALF samples were solubilized in SDS sample buffer [62.5 mmol/L Tris-HCl (pH 6.8), 5% 2-mercaptoethanol, 2% SDS, 10% glycerol, 0.01% bromophenol blue], separated by SDS-PAGE (12%), and then transferred onto a nitrocellulose membrane at 100 mA for 2 hours, followed by blocking for 1 hour with 5% milk in 100 mmol/L Trisbuffered saline containing 0.1% Tween 20. Each membrane was incubated at 4°C overnight with 1:1000 dilutions of antibodies against thrombomodulin (an integral membrane protein of endothelial cells), T1-␣ (a plasma membrane protein expressed on alveolar type I pneumocytes), or MMP-9 (a major protein in neutrophil tertiary granules) (Santa Cruz Biotechnology, Santa Cruz, CA). Each membrane was then washed thrice (5 minutes each) in 100 mmol/L Tris-buffered saline containing 0.1% Tween 20, and incubated for 1 hour with 1:5000 dilutions of horseradish peroxidaseconjugated secondary IgG (Santa Cruz Biotechnology). After washing thrice (5 minutes each), each blot was developed with enhanced chemiluminescence reagents and exposed to X-ray film to visualize the pro-tein bands. Densitometric analyses were performed for all protein bands using a Bio-Rad densitometer.
Arterial Blood Gas Analyses
Four mice from each group were anesthetized at 10 days postinfection (dpi). Each arterial blood sample (0.3 mL) was withdrawn into a heparinized syringe by percutaneous left ventricular sampling of lightly anesthetized mice spontaneously breathing room air. 8 Blood gas analysis was immediately performed using a CG8ϩ cartridge (i-STAT; Abbott Point of Care, Princeton, NJ).
Detection of Neutrophil Extracellular Traps by IHC
Immunohistochemical analyses on formalin-fixed lung sections were performed as described previously. 43 Briefly, lung sections were deparaffinized in xylene, permeabilized with 0.5% Triton X-100 in PBS for 20 minutes, and blocked with 5% milk in PBS for 30 minutes. The sections were then incubated at 4°C overnight with 1:100 dilutions of primary antibodies, ie, mouse anti-MMP-9 or anti-histone H2B (Santa Cruz Biotechnology). After washing thrice with PBS for 5 minutes, the slides were incubated with 1:250 dilutions of secondary antibodies conjugated to Alexa Fluor 488 (Molecular Probes, Eugene, OR) at room temperature for 1 hour. The slides were washed thrice with PBS, mounted in medium containing DAPI (Vector Laboratories, Burlingame, CA) and examined using an Eclipse E600 fluorescence microscope (Nikon, Tokyo, Japan).
Isolation of Neutrophils from BALF and Blood
Neutrophils from BALF of macrophage-depleted animals after influenza virus infection were isolated. 44 On 3 dpi, lungs were lavaged thrice with a total of 3 mL of PBS. The lavaged cells from three mice were pooled, washed once with PBS, filtered through a sterile MACS 30-m pre-separation filter to remove cell clumps, and neutrophils were separated by negative selection using the MACS magnetic bead separation system (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer's instructions. The filtered cells were incubated with F4/80 and CD45R antibodies in PBS containing 1% BSA for 10 minutes on ice, followed by anti-IgG MicroBeads for 20 minutes on ice. The cells were then loaded onto MS columns connected to the MACS magnet. The eluted cells were tested for purity and viability by the trypan blue exclusion assay. For uninfected controls, neutrophils were isolated from whole blood using the dextran-Ficoll method.
In Vitro Induction of NETs
Enhanced attachment of neutrophils to infected epithelial cells has been documented. 45 We investigated whether interaction of activated neutrophils isolated from influenza virus-infected animals could induce NETs. To address this, we studied co-incubations of neutrophils with normal or influenza virus-primed LA-4 mouse alveolar epithelial cells. LA-4 cells were infected with influenza virus at a multiplicity of infection of 20 for 5 hours, the cells were separated using enzyme-free cell dissociation buffer (Millipore, Billerica, MA), counted and cocultured with neutrophils (1:5 ratio) in eight-well Lab-Tek chamber slides (Nunc, Roskilde, Denmark) incubated at 37°C with 5% CO 2 for 150 minutes. Influenza virus was stained with rabbit polyclonal antibody, followed by anti-rabbit Alexa Fluor 546 (Molecular Probes) as described previously. 23 NETs were detected by staining with anti-MPO, FITC-phalloidin (for F-actin), and DAPI to determine the MPO localization within NETs.
Mechanism of NETs Induction: Role of Redox Enzymes, Including NADPH Oxidase, Superoxide Dismutase, and MPO
To investigate the role of redox enzymes in NETs induction, we co-incubated neutrophils with influenza virus-primed epithelial cells in the presence of antibodies or inhibitors of specific enzymes including 10 g/mL anti-MPO, 20 mol/L diphenyleneiodonium chloride (DPI, an inhibitor of NADPH oxidase), 2 mmol/L diethyldithiocarbamate [DETC, an inhibitor of superoxide dismutase (SOD)], or in the presence of 2 mol/L H 2 O 2 . PMA served as the positive control for NETs induction. To test whether influenza virus infection of alveolar epithelial cells could induce superoxide, we stained the infected and uninfected cells with the selective mitochondrial superoxide indicator, MitoSOX Red (Molecular Probes). At 5 hours postinfection, alveolar epithelial cells were washed twice with PBS, and then incubated with 5 mol/L MitoSOX Red for 15 min, and DAPI for 5 min to stain the nuclei. The number of cells positive for MitoSOX Red was counted under fluorescence microscopy.
Endothelial Damage by Neutrophils
To investigate the role of NETs in endothelial injury, human umbilical vein endothelial cells (HUVECs) and neutrophils were co-incubated in the presence or absence of H 2 O 2 . Neutrophils incubated in the presence of H 2 O 2 lead to HUVECs that are highly positive for propidium iodide. Endothelial damage was also assessed by release of thrombomodulin using Western blot analysis of the culture supernatant collected after 2 hours of incubation.
Bacterial Killing Activity
Bactericidal activity of the neutrophils was ascertained by co-incubating neutrophils with S. pneumoniae, S. aureus, or Klebsiella pneumoniae. Neutrophils (10 5 /mL) were preincubated for 15 minutes with 10 g/mL dihydrocytochalasin B (dHCB) to block phagocytosis, followed by addition of bacteria (10 4 /mL), and further incubation at 37°C for 1 hour. Bacterial killing was measured as a percentage of control bacteria (bacteria incubated without neutrophils). Sample aliquots were plated on Luria broth agar or sheep blood agar for the determination of colonyforming units.
Statistical Analyses
The data were expressed as means Ϯ SE. Statistical analyses were performed by analysis of variance or Student's t-test. Differences in animal weights were analyzed by the Mann-Whitney U-test. A value of P Ͻ 0.05 was considered statistically significant. 
Results
Effects of Macrophage or Neutrophil Depletions on Clinical Signs, BALF Differential Cell Counts, and Virus Titers
L-Cl2MDP treatment caused significant reduction of alveolar macrophages that was observed until day 8 postinoculation (data not shown). In infected mice, clinical signs, survival rates, and body weights were observed until 10 dpi. Macrophage-depleted, infected mice displayed signs of illness with ruffled fur, emaciation, inactivity, difficulty in breathing, and significant weight loss ( Figure 1A) , whereas neutrophil-depleted or nondepleted animals did not show respiratory distress. We observed a mortality of 40% in macrophage-depleted animals by 10 dpi, whereas none of the animals in the other infected groups died. Elevated numbers of total leukocytes including macrophages and neutrophils were noted following influenza virus infection ( Figure 1B ). As expected, macrophage-depleted animals showed decreased macrophages, but interestingly the total cell counts were higher than the other groups, with extensive neutrophil accumulation at 5 dpi. In comparison, anti-Ly6G-treated and infected animals portrayed less neutrophil infiltration at 5 dpi. BALF total cell counts in all groups were significantly decreased by 10 dpi. Most strikingly, macrophage depletion enhanced viral replication, with higher peak viral titers at 5 dpi compared to neutrophil-depleted animals, thus indicating that macrophages are more critical in viral clearance from infected lungs. The virus titers declined by 10 dpi in all groups ( Figure 1C ).
Depletion of Macrophages Enhances Acute Lung Injury, Aggravates Pathological Changes and Hypoxemia
Excessive accumulation of neutrophils and macrophages is a characteristic lesion found in highly pathogenic influenza virus infection of the lungs. Here, we evaluated histopathological changes in infected animals depleted of either macrophages or neutrophils to investigate the possible link of specific cellular infiltrations with ALI. Most notably, macrophage-depleted, infected mice displayed excessive recruitment of neutrophils on 5 dpi (Figure 2 , C and D), and developed pathological complications of Table 1 .
DAD with accumulation of edema fluid, protein exudates, erythrocytes within alveolar air spaces, and thickened interstitium by 10 dpi ( Figure 2I ). In contrast, the neutrophil-depleted (Figure 2 , E, F, and H) and infected groups (Figure 2 , B and G) showed no signs of ARDS, although bronchitis and peribronchial inflammation were prominent at 5 dpi. Alveolitis with denuded epithelium and disintegrated interstitium were also more prominent in macrophage-depleted animals. Hemorrhage was rarely observed on day 5 dpi, whereas the presence of erythrocytes was more prominent on 7 dpi in macrophagedepleted mice (data not shown). By 10 dpi, all macrophage-depleted animals showed severe hemorrhage with accumulation of erythrocytes within air spaces compared to their nondepleted counterparts. Interestingly, in both infected groups, the cellular infiltrations declined by 10 dpi despite their distinct pathological manifestations. Clodronate-treated, anti-Ly6G-treated, or uninfected control animals showed no apparent pathological changes, except that clodronate-treated uninfected mice displayed minimal neutrophil infiltration on 5 dpi (Figure 2A ) that resolved by 10 dpi. Table  1 summarizes the semiquantitative data of the histopathological analyses. In concurrence with the latter, blood gas analysis on 10 dpi revealed decreased partial pressure of arterial oxygen (pAO 2 ) and saturation of arterial oxygen (sAO 2 ) in macrophage-depleted animals compared to their infected neutrophil-depleted and nondepleted counterparts. On the other hand, increased partial pressure of arterial carbon dioxide (pACO 2 ) in macrophage-depleted animals suggested severe hypoxemia (Table 2 ). Secondary bacterial pneumonia following primary influenza virus infection constitutes an important complication and cause of death. To exclude the possibility that ALI and ARDS were due to secondary bacterial infections, we plated the BALF samples onto nutrient and blood agar. The resultant bacterial counts were very low (ranging from 0 to 275 colony-forming units/mL) for the control, infected, and macrophage-depleted groups, thus excluding secondary bacterial pneumonia associated with ALI or ARDS.
NETs Formation, Acute Lung Injury, and Neutrophil Activation Are Prominent Features in Infected Macrophage-Depleted Animals
Intriguingly, prominent NETs formation was noteworthy in the lung tissues of macrophage-depleted animals on 10 dpi (Figure 2 , I to K). NETs were observed individually attached to the alveolar epithelial lining within the areas of tissue damage. Owing to the processing and thin sectioning of fixed tissue, the DNA strands emanating from neutrophils frequently appeared as condensed small extensions originating from the cells. NETs formation was rarely observed in neutrophil-depleted or nondepleted infected animals on both 5 and 10 dpi.
Alveolar-capillary damage represents the most characteristic lesion in ALI. We examined the release of cellspecific injury markers in BALF samples. Levels of T1-␣ and thrombomodulin (alveolar type I and endothelium membrane proteins, respectively) were significantly elevated in infected macrophage-depleted animals compared with other infected groups. We also found increased neutrophil granule-specific proteins (including MMP-9) in macrophage-depleted mice compared to other groups (Figure 3 ). In concordance with severe pulmonary edema in the air spaces, we found substantially elevated protein levels in the BALF of macrophage-depleted animals compared to other groups ( Figure 4A ). The levels of proteins in neutrophil-depleted animals were higher than the infected nondepleted group, possibly due to damage of alveolar epithelium by virus infection. Furthermore, comparison of the activities of MPO in BALF and lung homogenates of macrophage-depleted versus other groups on 5 dpi (Figure 4 , B and C), implicate the role of neutrophils in the complication of ALI. By 10 dpi, overall MPO activities decreased in all groups, which was congruent with the reduced neutrophilic infiltration in the lungs on 10 dpi.
Lethal Challenge of Mice with Influenza Virus Induces NETs Formation within Lungs
To substantiate that NETs induction is linked with severe lung injury not as a consequence of the absence of macrophages (since we observed extensive NETs in macrophage-depleted infected mice), we challenged normal mice with lethal doses of influenza virus. By day 6, animals exhibited severe respiratory distress with extensive consolidation in lungs ( Figure 5A ), which showed NETs induction within these lesions. Extensive induction of NETS was found in infected lungs, predominantly within the alveoli, evident by histopathology and immunofluorescence analysis ( Figure 5 , A to E). NETs were largely lodged in areas of tissue consolidation, and DNA fibers were entangled with the alveolar epithelium and small blood vessels in areas with hemorrhagic lesions, indicating that NETs may contribute to thin alveolarcapillary damage. Occasionally, NETs appeared as extended nuclei attached to the endothelium of large blood vessels, or to the bronchiolar epithelial lining causing occlusions in small airways ( Figure 5 , C and E). Immunostaining revealed the presence of histone H2B and MMP-9 colocalized with DNA chromatin fibers ( Figure 5 , F and G).
In Vitro Studies on Induction of NETs and Their Role in Endothelial Injury
Each BALF specimen was added to 3 mL of F12K medium containing 1% serum, and neutrophils were isolated by the magnetic separation system. The average yield from each mouse ranged from 1 to 3 ϫ 10 5 cells, whereas cell viability was Ͼ90%. Flow cytometry and MPO immunostaining were performed as a purity check.
MPO and Superoxide-Generated H 2 O 2 Induce NETs Formation in Neutrophil-Epithelial Cocultures
Neutrophils isolated from normal or influenza virusinfected mice form sporadic NETs when cocultured with normal LA-4 mouse alveolar epithelial cells ( Figure 6E ). However, a substantial increase in NETs formation was 6) ; CL (lanes 2 and 7) ; INF (lanes 3 and  8) ; CL-I (lanes 4 and 9) ; and 1A8-I (lanes 5 and 10) . T1-␣ and thrombomodulin levels were significantly elevated in the BALF of the CL-I group at both 5 and 10 dpi (lanes 4 and 9) compared to other groups. To determine the impact of neutrophil accumulation on lung injury, pro-and active MMP-9 levels were also assayed using Western blot analysis. Significantly increased MMP-9 levels were observed in CL-I compared to other groups, thus alluding to the contribution of MMP-9 to basement membrane degradation and promoting tissue damage. B and C: Densitometric analyses of Western blot bands, each expressed as fold change versus the control group. Data are represented as means Ϯ SE, with n ϭ 5 per group. *P Ͻ 0.05 versus other groups. observed when neutrophils from infected mice were coincubated with alveolar epithelial cells primed with influenza virus ( Figure 6 , A to C). NETs induction was significantly reduced in the presence of anti-MPO antibody ( Figure 6F ). The formed NETs were entangled with infected epithelial cells ( Figure 6C ), suggesting that NETs induction may be an active process during the crosstalk between these cell types. Immunostaining of MPO (red), F-actin (green), and DNA (DAPI) revealed the presence of MPO on released NETS, with the actin remaining within their cell of origin ( Figure 6D ). Figure 6G depicts isolated neutrophils with intact nuclei.
Redox enzymes or cytokines such as IL-8 are known inducers of NETs. The potential link between NETs induction and degranulation has also been postulated. We observed increased mitochondrial superoxide levels in infected LA-4 epithelial cells in vitro as measured by the MitoSOX Red assay (infected cells ϭ 48.1 Ϯ 7.4, uninfected cells ϭ 16.9 Ϯ 5.4, P Ͻ 0.05). Influenza virus infection also enhanced levels of epithelial cell-derived neutrophil attractant-78 (ENA-78 or CXCL-5) in LA-4 cells (4.1-fold greater than the uninfected control, P Ͻ 0.05). To understand the mechanism of NETs induction during epithelial-neutrophil interaction, the coculture was incubated in the presence of anti-MPO antibody, DPI (NADPH oxidase inhibitor), DETC (SOD inhibitor), or anti-ENA-78 antibody. As shown in Figure 6H , significant reduction in NETs release was observed in the presence of anti-MPO and SOD inhibitor, but not with DPI or anti-ENA-78. The opposite effects of DETC and DPI on NETs formation may be attributed to the different modes of action of the inhibitors at the concentrations tested. The SOD-related conversion of superoxide to H 2 O 2 is blocked by DETC, 46 whereas DPI inhibits NADPH oxidase, nitric oxide synthase, and xanthine oxidase. 47 Furthermore, exposure of H 2 O 2 alone significantly induced NETs formation. These results suggest that superoxide-generated H 2 O 2 may contribute to NETs induction in influenza pneumonia. These studies also indicate that NETs formation is an active mechanism which could participate in ALI. A possible hypothesis is that influenza virus infection of epithelial cells induces superoxide and H 2 O 2 generation, which in turn stimulate MPO present on the surface of neutrophils, thus inducing NETs and mediating tissue injury.
NETs Mediate Endothelial Cell Damage
To ascertain whether NETs are involved in endothelial injury, HUVECs and neutrophils were co-incubated with or without H 2 O 2 . 48 Endothelial cell damage was signifi- cantly enhanced when the coculture was incubated in the presence of H 2 O 2 as evident from increased percentages of cells positive for propidium iodide, as well as the release of thrombomodulin into the culture supernatant ( Figure 7, A and B ).
NETs Do Not Universally Participate in Bacterial Killing in Vitro
To determine whether NETs formation acts a defense strategy against secondary bacterial pneumonia during influenza virus infection, we incubated the neutrophils with S. pneumoniae, S. aureus, or K. pneumoniae in the presence of dHCB (an inhibitor of phagocytic activity). NETs inhibited the growth of K. pneumoniae to some extent, but not the other two bacteria (data not shown), suggesting that NETs may not be universally potent in clearing secondary bacterial infections.
Discussion
This study reveals three major findings. Firstly, mice challenged with sublethal doses of influenza virus after macrophage depletion exhibited aggravated pathological lesions that further developed into ARDS-like complications and hypoxemia. Histopathological and biochemical analyses showed excessive neutrophil infiltration, destruction of the microvascular bed, and pulmonary edema. In contrast, infected neutrophil-depleted and nondepleted animals exhibited mild lung injury. Second, our data provide the first evidence demonstrating NETs induction in influenza virus pneumonitis in vivo with their prominent appearance within alveoli and airways, and in lesions of tissue injury. Thirdly, co-incubation of neutrophils with influenza virus-primed alveolar epithelial cells induced release of NETs, which was abrogated by inhibitors of redox enzymes (including MPO and SOD), thus implicating redox enzymes in NETs formation. Accumulating evidence underscores that most patients with severe influenza infections suffer from complications of ARDS, whereas histopathological analyses of their lungs reveal dominant neutrophilic accumulation in affected regions with tissue consolidation and DAD. [17] [18] [19] [20] Macrophages and neutrophils comprise the majority of cells that are recruited into infected lungs, and are linked with immunopathology. 31 Our studies have revealed that mice depleted of macrophages and challenged with sublethal influenza developed severe clinical signs of ARDS and suffered from hypoxemia, with gross appearance of highly edematous and hemorrhagic lungs, whereas neutrophil depletion resulted only in mild lung injury. These results are congruent with previous studies demonstrating relatively high mortalities in macrophage-depleted mice compared to neutrophil-depleted mice challenged with 1918 reconstituted virus. 21 Furthermore, our studies revealed that macrophage depletion led to intense neutrophilic infiltration into alveoli and airways as observed at 5 dpi, and eventually these mice portrayed clinical signs of ARDS and histological features of DAD, with alveolar spaces filled with proteinaceous exudates and erythrocytes by 10 dpi. Severe hypoxemia in macrophagedepleted infected animals was evident by decreased pAO 2 and sAO 2 levels, compared to their nondepleted or neutrophil-depleted counterparts. Neutrophil-depleted or nondepleted infected mice had milder lung injury with more prominent bronchopneumonia. Progressive pathological complications of ALI were observed in macrophage-depleted animals at 7 and 8 dpi (data not shown) with prominent clinical signs of respiratory distress. A previous study showed that neutrophil depletion was associated with increased lethality in H3N2 infection, with mainly bronchitis and systemic viral spread. 28 In contrast, our mouse model displayed severe alveolitis and pulmonary edema. Compared to nondepleted or neutrophil-depleted mice, high viral titers were observed in macrophage-depleted mice despite the intense influx of neutrophils, implying that macrophages are more important in viral clearance. These findings concur with previous studies on influenza infections in pigs and mice. No significant bacterial infection was noticed in any group, suggesting that damage was not attributable to secondary bacterial pneumonia.
Neutrophils are implicated in ALI caused by various stimuli, and intriguing evidence exists to support their association with complications of ALI and ARDS in influenza pathogenesis. 8, 9 To corroborate the histopathological evidence, we observed increased protein leakage, and MPO and MMP-9 activities in the lung lavage of macrophage-depleted compared to nondepleted or neutrophil-depleted infected mice. Moreover, elevated levels of T1-␣ and thrombomodulin (membrane proteins of alveolar type I pneumocytes and endothelium, respectively) in BALF of infected macrophage-depleted animals reflected damage of the pulmonary microvascular bed. Alveolar type I cells and endothelium constitute the microvascular bed that forms the physical barrier that prevents fluid flux into the air spaces. Previously, we demonstrated enhanced apoptotic death of infected alveolar epithelial cells during blockade of macrophage recruitment into the lungs. 43 Our results indicate that excessive neutrophil recruitment, activation, and release of toxic enzymes can exacerbate the damage of alveolar epithelium by virus infection, leading to vascular leakage, pulmonary edema, and hypoxemia, thus finally developing into ARDS.
Several groups have demonstrated that NETs formation is a novel strategy by neutrophils for trapping bacteria with their web-like structures consisting of proteolytic and chromatin material. NETs formation is also linked with tissue injury in sepsis and small vessel vasculitis. 30, 35 The DNA entangled with the endothelium of small blood vessels appear with capillary damage both in vivo and in vitro. 35 Here, we provide novel data to validate the induction of NETs following lethal influenza virus challenge of mice. Bundles of DNA fibers appeared prominently in the alveoli and terminal bronchioles within areas of tissue consolidation. Only a subpopulation of neutrophils produced NETs, since we also detected unstimulated neutrophils with disintegrated nuclei that were undergoing apoptosis or necrosis. The existence of DNA fibers closely entangled to the alveolar epithelium suggests that these structures may contribute to damage of the alveolar-capillary barrier. Occasionally, NETs were found attached to the endothelium of large blood vessels or occluding some of the airways. Similar observations were made in small vessel vasculitis and sepsis, wherein extensive NETs accumulate inside the glomerular capsule or cause occlusion of sinusoids, and NETs were prominent in patient tissue biopsies with intense neutrophil infiltration. Immunostaining revealed the presence of histone, MMP-9, and MPO colocalized with DNA chromatin fibers. NETs formation in macrophage-depleted infected mice was more obvious, thus suggesting that NETs induction may participate in pathological events, and spur progression toward ARDS. In contrast, lungs of nondepleted or neutrophil-depleted infected animals only showed scattered NETs formation.
Due to the close proximity of NETS with the alveolarcapillary surface, we next asked whether the crosstalk between neutrophils and infected alveolar epithelial cells could instigate NETs formation. Neutrophils isolated from influenza virus-infected mice indeed stimulated NETs release when incubated with murine alveolar epithelial cells primed with influenza virus, thus suggesting that interactions of these cells are critical for NETs generation. NETs formation is a distinct mode of cell death induced by reactive oxygen intermediates, NADPH oxidase, and cytokines such as IL-8. 37, 49 Influenza virus infection of alveolar epithelial cells led to increased superoxide activity and elevated CXCL-5, a chemokine known to stimulate neutrophils and induce chemotaxis. To investigate the mechanism of NETs, we used inhibitors or antibodies against CXCL-5 and redox enzymes (including MPO, SOD, NADPH oxidase). We found that inhibition of MPO and SOD, but not of NADPH oxidase, reduced NETs generation. Concurrently, we observed extensive NETs induction when neutrophils were incubated in the presence of H 2 O 2 , a product of SOD activity. This finding was observed previously, ie, H 2 O 2 -generating enzyme can cause significant NETs induction. 36 Taken together, these experiments describe a novel mechanism of NETs induction via H 2 O 2 production by infected target cells. The generation of H 2 O 2 may in turn activate MPO present on the neutrophil surface, and further investigations are warranted to understand how these interactions culminate in NETs induction.
Although NETs generation is documented in various infections, the role of NETs in viral infections is largely unknown. Although NETs were first identified to participate in bacterial killing, certain bacteria possess a defense strategy by producing endonucleases that can degrade the NETs. 36, 38 To test the functional significance of NETs in influenza, we performed endothelial injury and bactericidal activity studies. We found that NETs mediated damage of endothelial cells as evident by the cell death assay as well as by thrombomodulin release into the culture supernatant. Furthermore, incubation of neutrophils with different bacteria demonstrated that NETs inhibited the growth of K. pneumoniae to a certain degree, but not of S. pneumoniae or S. aureus when incubated with an inhibitor of phagocytic activity. These results suggest that NETs induced during influenza virus infection can contribute to lung injury, but have limited bactericidal activity.
Taken together, these studies indicate that complications of ARDS in influenza pneumonia culminate from heterogeneous events induced by influenza virusmediated cytopathic effects on the alveolar epithelium combined with neutrophil-stimulated aggravation of tissue injury via production of toxic enzymes and NETs generation that damage the microvascular bed. Furthermore, we document that NETs formation is an active process stimulated by redox enzymes. Hence, intervention strategies to inhibit neutrophil-mediated toxic enzymes or other degradative molecules will likely have potential therapeutic impact to ameliorate the severity of influenza pneumonia.
